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In this study, we investigate observability of the neutral scalar (H) and pseudoscalar (A) Higgs
bosons in the framework of the Type- I 2HDM at SM-like scenario at a linear collider operating
at
√
s = 500 and 1000 GeV. The signal process chain e−e+ → AH → ZHH → jjbb¯bb¯ where
jj is a di-jet resulting from the Z boson decay and bb¯ is a b quark pair, is assumed and several
benchmark scenarios with different mass hypotheses are studied. The assumed signal process is
mainly motivated by the possible enhancements the decay modes A → ZH and H → bb¯ may
receive in the Type- I . Event generation is performed for the assumed scenarios separately and the
beamstrahlung effects are taken into account. The detector response is simulated based on the SiD
detector at the ILC and the simulated events are analyzed to obtain candidate mass distributions
of the Higgs bosons. According to the results, the top quark pair production process has the most
contribution to the total background and is, however, well-controlled. Results indicate that, in all
of the considered scenarios, both of the Higgs bosons H and A are observable with signals exceeding
5σ with possibility of mass measurement. To be specific, at
√
s = 500 GeV, the region of parameter
space with mH = 150 GeV and 200 ≤ mA ≤ 250 GeV is observable at the integrated luminosity of
500 fb−1. Also, at
√
s = 1000 GeV, the region with 150 ≤ mH ≤ 250 GeV and 200 ≤ mA ≤ 330
GeV with a mass splitting of 50-100 GeV between the H and A Higgs bosons is observable at the
same integrated luminosity.
INTRODUCTION
The Standard Model (SM) of elementary particles has
emerged as a significant achievement explaining plenty of
phenomena. The existence of the Higgs boson, as one of
the most striking predictions of the SM, attracted much
attention even before its experimental verification [1, 2].
The prediction of the Higgs boson was a direct conse-
quence of the assumed scalar structure which was chosen
to be the simplest possible one. To be specific, the SM
assumes a single SU(2) doublet with four degrees of free-
dom as the Higgs field leading to the prediction of a single
Higgs boson [3–8]. However, there are some important
motivations, namely the SM inability to explain the uni-
verse baryon asymmetry [9], supersymmetry [10], axion
models [11], etc., which provide possibility of an extended
scalar structure which leads to the prediction of existence
of additional Higgs bosons. Assuming a scalar structure
based on two SU(2) Higgs doublets, as one of the sim-
plest possibilities, leads to the Two-Higgs-Doublet model
(2HDM) [12–19] which provides interesting environment
and phenomenological features. The two assumed Higgs
doublets in the 2HDM carry eight degrees of freedom,
three of which are absorbed by the three of the elec-
troweak gauge bosons and the remaining five degrees of
freedom finally lead to the prediction of five Higgs bosons.
The lightest Higgs boson (h) is assumed to be the same
as the discovered SM Higgs boson (the SM-like scenario)
and the four additional Higgs bosons are thought of as
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yet undiscovered particles. These Higgs bosons include a
neutral scalar (H), a neutral pseudoscalar (A) and two
charged (H±) Higgs bosons. The present paper concen-
trates on the H and A Higgs bosons and investigates ob-
servability of these particles in several benchmark points
in the parameter space of the 2HDM at SM-like scenario.
The 2HDM, in its general formulation, predicts tree
level flavor-changing neutral currents (FCNCs) which is
not in agreement with experimental observations. How-
ever, imposing the discrete Z2 symmetry, the tree level
FCNCs are well avoided and four 2HDM types with dif-
ferent Higgs-fermion coupling scenarios which naturally
conserve flavor are obtained. Different types with differ-
ent coupling scenarios provide different interesting char-
acteristics [18]. The Type-X 2HDM was studied earlier
to investigate the observability of theH Higgs boson with
the help of large enhancements the Higgs-lepton cou-
pling provides at high tanβ values and led to promising
results [20]. In this study, the Type- I 2HDM is cho-
sen as the theoretical framework and the signal process
through which the Higgs bosons observability is investi-
gated is assumed to be e−e+ → AH → ZHH → jjbb¯bb¯
where jj is a di-jet resulting from the Z boson decay
and bb¯ is a b quark pair resulting from the scalar Higgs
H decay. The pseudoscalar Higgs boson A undergoes
the decay mode A → ZH which is dominant due to the
SM-like assumption and also the non-zero mass splitting
assumed between the A and H Higgs bosons. Scenar-
ios with equal Higgs masses were also considered earlier
leading to promising results [21]. The assumed signal
process is also motivated by the large enhancement the
scalar Higgs decay mode H → bb¯ receives in low tanβ
regime. Such an enhancement is due to the H-fermion
coupling in the Type- I which depends on cotβ. More-
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2over, the A-Z-H vertex depends on sin(β−α) which is set
to unity because of the SM-like assumption. Hence, the
process e−e+ → AH → ZHH is independent of tanβ
and thus, the scalar Higgs decay mode H → bb¯ may re-
ceive large enhancements at low tanβ values without any
destructive effect on the ZHH production process.
Several benchmark points with different mass hypothe-
ses are assumed and investigation of the Higgs bosons ob-
servability is done separately for each scenario. Masses
of the Higgs bosons are chosen from intermediate and
heavy mass regions and thus, the center-of-mass energy
of 1000 GeV provides observation possibility in a rela-
tively large portion of the space parameter. However, the
center-of-mass energy of 500 GeV is also studied in this
study since this energy is easily accessible to future lin-
ear colliders and it will be shown that a few scenarios can
also be observed at this center-of-mass energy. The LHC
can easily provide the center-of-mass energies considered
here. However, since linear colliders provide a cleaner
environment with less background processes and under-
lying events, a linear collider is assumed in this study.
Event generation is performed for each scenario in-
dependently and both beams are assumed to be unpo-
larised. The beamstrahlung effects [22] are taken into ac-
count and the detector response is simulated based on the
SiD detector at the International Linear Collider (ILC)
[23]. Simulated signal and relevant background events
are analyzed to reconstruct Higgs bosons by first per-
forming jet clustering and b-tagging and then applying
proper selection cuts to enrich the signal events. Iden-
tifying proper bb¯ and jjbb¯ combinations and computing
their invariant masses, candidate mass distributions of
the Higgs bosons are obtained at the assumed integrated
luminosities. The integrated luminosity is set to 500 fb−1
for all of the benchmark scenarios except for one scenario
for which the integrated luminosity of 1000 fb−1 is as-
sumed (for search for the A Higgs boson). It will be
shown that, in all of the scenarios under consideration,
both of the Higgs bosons H and A are observable with
signals exceeding 5σ. Moreover, reconstructing masses of
the Higgs bosons, it will be shown that masses of both
of the Higgs bosons are measurable. In what follows, a
brief introduction to the 2HDM and its different types is
provided, and then analysis and results will be discussed.
I. TWO-HIGGS-DOUBLET MODEL
Employing two SU(2) Higgs doublets, the potential
V = m211Φ†1Φ1 +m222Φ†2Φ2 −
[
m212Φ
†
1Φ2 + h.c.
]
+
1
2
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(1)
where Φ1 and Φ2 are SU(2) Higgs doublets, is assumed
as the Higgs potential in a general 2HDM. Using one
additional Higgs doublet in this model leads to the pre-
diction of five Higgs bosons. The lightest Higgs boson
(h) is assumed to be the same as the observed Stan-
dard Model Higgs boson and the four additional Higgs
bosons are thought of as yet undiscovered Higgs bosons.
Additional Higgs bosons include a neutral scalar (H), a
neutral pseudoscalar (A) and two charged (H±) Higgs
bosons. To respect experimental observations, the dis-
crete Z2 symmetry is imposed to avoid tree level flavor-
changing neutral currents [14–16]. Consequently, it is
implied that the parameters λ6, λ7 and m212 must be
zero. However, letting m212 be non-zero, Z2 symmetry is
softly broken in this model. Assigning a value to tanβ
which is defined as the ratio of the vacuum expectation
values of the two Higgs doublets, the parameters m211
and m222 are obtained by the minimization conditions for
a minimum of the vacuum. Setting λ6 and λ7 to zero
to respect the discrete Z2 symmetry and working in the
“physical basis”, tanβ, mixing angle α, m212 and physi-
cal masses of the Higgs bosons must be determined to
specify the model completely [12]. As a result of the
imposed Z2 symmetry, Higgs-fermion coupling scenarios
are limited. Tab. I provides Higgs coupling to up-type
and down-type quarks and leptons in the allowed types
which naturally conserve flavor. The types “X” and “Y”
uiR d
i
R `
i
R
Type I Φ2 Φ2 Φ2
Type II Φ2 Φ1 Φ1
Type X Φ2 Φ2 Φ1
Type Y Φ2 Φ1 Φ2
Table I: Higgs coupling to up-type quarks, down-type
quarks and leptons in types allowed by the Z2
symmetry. The superscript i is a generation index.
are also called “lepton-specific” and “flipped” respectively.
Assuming sin(β − α) = 1 [12], we choose the model to
be SM-like in order for the h Higgs boson to be thought
of as the observed SM Higgs boson. Consequently, h
coupling to fermions reduce to corresponding couplings
in the SM Yukawa Lagrangian. Consequently, the neu-
tral Higgs part of the Yukawa Lagrangian takes the form
[12, 24]
LY ukawa = −v−1
(
md d¯d + mu u¯u + m` ¯``
)
h
+ v−1
(
ρdmd d¯d + ρ
umu u¯u + ρ
`m` ¯``
)
H
+ iv−1
(
− ρdmd d¯γ5d + ρumu u¯γ5u − ρ`m` ¯`γ5`
)
A,
(2)
where ρX factors are provided in Tab. II.
As seen in Tab. II, coupling factors of different types
3I II X Y
ρd cotβ − tanβ cotβ − tanβ
ρu cotβ cotβ cotβ cotβ
ρ` cotβ − tanβ − tanβ cotβ
Table II: ρX factors corresponding to different
flavor-conserving 2HDM types.
differ dramatically leading to considerable differences in
phenomenological features of different types [18]. Ac-
cording to Tab. II, factors of the Type- I acquire the
same values (cotβ) resulting in an interesting environ-
ment in both low and high tanβ regions. Searching for
the Higgs bosons in the Type- I in this study is highly
motivated by the large enhancement the H → bb¯ channel
receives at low tanβ values.
II. SIGNAL PROCESS
The process chain e−e+ → AH → ZHH → jjbb¯bb¯ is
assumed as the signal process in this study and the Type-
I 2HDM is assumed as the theoretical framework to bene-
fit from possible enhancements in low tanβ regime. jj is
a pair of jets resulting from the Z boson hadronic decay
Z → jj. After the pseudoscalar Higgs boson undergoes
the decay channel A→ ZH, both of the scalar CP-even
Higgs bosons experience the decay mode H → bb¯ which
receives a large enhancement due to the cotβ factor in
the Higgs-fermion coupling factors as shown in Tab. II
and thus, is dominant in low tanβ regime as long as
the scalar Higgs mass mH is below the threshold of the
on-shell top quark pair production. The initial e−e+ col-
lision is assumed to occur at the center-of-mass energies
of 500 and 1000 GeV at a linear collider.
Several benchmark points with different mass hypothe-
ses are assumed in the parameter space of the 2HDM as
shown in Tab. III. Benchmark points corresponding to
the two assumed center-of-mass energies are simulated
and analyzed separately. The scalar Higgs boson mass
mH is assumed to vary in range 150-250 GeV and the
mass splitting between the H and A Higgs bosons is as-
sumed to range from 50 to 100 GeV. tanβ is set to 10 in
all scenarios resulting in a considerable enhancement in
the assumed scalar Higgs boson decay channel.
To ensure that the considered scenarios are consis-
tent with theoretical constraints, potential stability [25],
perturbativity and unitarity [26–29] of each scenario is
checked with the use of 2HDMC 1.7.0 [30, 31] and the
allowed range for m212 parameter is provided in Tab.
III. Moreover, the assumed masses of the Higgs bosons
are consistent with results of 86 analyses as checked by
HiggsBounds 4.3.1 [32] and HiggsSignals 1.3.0 [33].
The experimental constraint [34, 35], based on the
measurement performed at LEP [36], limits the devia-
tion of the parameter ρ = m2W (mZ cos θW )
−2 from its
SM value. To respect this constraint, the Higgs bosons
A and H± are assumed to have the same masses in all
of the benchmark points. This is because of the demon-
stration provided in [37, 38] that concludes that if any of
the conditions
mA = mH± , mH = mH± , (3)
is met, the deviation of the ρ parameter from its SM
value is negligible. As reported in [39], the LHC experi-
ment has excluded mass regions mA = 310− 410, 335−
400, 350− 400 GeV for mH = 150, 200, 250 GeV respec-
tively at tanβ = 10 in the Type- I . The LHC experi-
ments [40, 41] also put the limit mA > 350 on the pseu-
doscalar Higgs mass for tanβ < 5 in the Type- I . More-
over, another LHC experiment [42] excludes the mass
range mH = 170− 360 GeV for tanβ < 1.5 in this type.
It is obvious from Tab. III that the assumed scenarios
are consistent with the current constraints resulting from
direct LHC observations.
In the context of the Type- II , flavor physics data
[43, 44] puts the constraints mH± > 570 GeV (tanβ > 2)
and mH± > 700 GeV (tanβ < 2) on the charged Higgs
mass. However, as indicated in [44], no condition limits
the Type- I for tanβ > 2. Moreover, it is shown by a
review of LHC, LEP and Tevatron results [45] that there
is no exclusion around sin(β−α) = 1 formH/A/H± = 500
GeV in the Type- I 2HDM.
As indicated in [46–48], the constraints mA ≥ 93.4
GeV and mH± ≥ 78.6 GeV must be met by the pseu-
doscalar and charged Higgs bosons in the MSSM. Also,
the LHC experiments [49, 50] has excluded the mass
rangemA/H = 200−400 GeV for tanβ ≥ 5 in this model.
However, the constraints imposed on the MSSM has no
effect on the Type- I 2HDM since their structures, Higgs-
fermion coupling constants, parameter spaces, etc., are
basically different. Finally, it is concluded that the as-
sumed benchmark scenarios in this study are completely
safe and consistent with the current experimental and
theoretical constraints.
The assumed decay channel A → ZH in the signal
process receives an enhancement due to the assumption
sin(β − α) = 1 which is needed for the SM-like sce-
nario, since the A-Z-H vertex depends on sin(β − α)
in the Type- I 2HDM. Moreover, the assumed non-zero
mass splitting between A and H Higgs bosons in the
range 50-100 GeV facilitates the possibilities for this de-
cay channel. On average, we obtain BR(A → ZH)
' 0.72 for the assumed benchmark points of Tab. III
using 2HDMC 1.7.0. The A-Z-H vertex appears twice
in the signal process. First in the production process
e+e− → Z∗ → HA and then in the assumed decay
mode for the pseudoscalar Higgs boson. Therefore, due
to the assumption sin(β − α) = 1, the signal process
is independent of tanβ as long as the scalar Higgs de-
cay mode H → bb¯ is not considered. This fact pro-
vides an opportunity for the signal to benefit from the
enhancement received by the decay channel H → bb¯ at
4√
s = 500 GeV
BP1 BP2
mh 125
mH 150 150
mA 200 250
mH± 200 250
m212 1987-2243 1987-2243
tanβ 10
sin(β − α) 1
σ [fb] 3.8 2.9
a
√
s = 1000 GeV
BP1 BP2 BP3 BP4 BP5 BP6
mh 125
mH 150 150 200 200 250 250
mA 200 250 250 300 300 330
mH± 200 250 250 300 300 330
m212 1987-2243 1987-2243 3720-3975 3720-3975 5948-6203 5948-6203
tanβ 10
sin(β − α) 1
σ [fb] 2.8 3.7 1.4 2.1 0.5 0.8
b
Table III: Benchmark points assumed for the center-of-mass energies of a) 500 and b) 1000 GeV. mh,mH ,mA and
mH± are physical masses of the Higgs bosons and the provided m212 range is the range satisfying theoretical
requirements. The signal cross section is also provided for each scenario.
low tanβ values, since lowering tanβ value doesn’t re-
sult in any decrease in the cross section of the process
e+e− → Z∗ → AH → ZHH. Setting the value of 10
for tanβ for all of the scenarios, on average, we obtain
BR(H → bb¯) ' 0.61 for the assumed benchmark points
using 2HDMC 1.7.0. The b quark pairs resulting from the
H decays annihilate into hadronic jets and are identified
by first performing jet reconstruction and then perform-
ing a proper b-tagging algorithm. The identified b-jets are
then used to reconstruct the H Higgs bosons. Although
choosing the hadronic decay channel Z → jj for the Z
boson may give rise to more errors in the final results due
to the uncertainties arising from jet reconstruction and b-
tagging algorithms, the hadronic decay channel is chosen
since the large branching ratio of this channel (BRZ→jj
' 0.69) may fully compensate for the potential arising er-
rors. Reconstructing the Z boson by the identified jets,
the A Higgs boson is also reconstructed with the help of
the reconstructed H Higgs boson.
Background processes relevant to the considered signal
process include W± pair production, Z/γ production, Z
pair production and top quark pair production. Cross
sections of the signal and relevant background processes
are computed at the center-of-mass energies of 500 and
1000 GeV by CompHEP 4.5.2 [51] and are provided in ta-
bles III and IV. According to table III, observing scenar-
ios with heavier Higgs masses must be more challenging
since the Higgs masses and cross section behave oppo-
sitely to each other.
tt¯ W+W− ZZ Z/γ
σ [fb] (
√
s = 500 GeV) 562 7887 450 16846
σ [fb] (
√
s = 1000 GeV) 226 3410 190 4335
Table IV: Background cross sections.
III. EVENT GENERATION
In order to take the beamstrahlung effects into account
and simulate the detector response, event generation is
performed in several steps for each benchmark scenario.
Hard scattering part of the signal and background events
(parton-level part which doesn’t include parton showers,
hadronization, etc.) are generated using CompHEP 4.5.2.
Simulation of the beamstrahlung effects is also performed
by CompHEP with the use of the beam parameters pro-
vided in Tab V and the assumption that both beams are
unpolarised. To generate the remaining part of the events
500 GeV 1000 GeV
RMS horizontal beam size (nm) 474 335
RMS vertical beam size (nm) 5.9 2.7
RMS bunch length (mm) 0.3 0.225
No. of particles / bunch (×1010) 2 1.74
Table V: Beam parameters corresponding to the
center-of-mass energies of 500 and 1000 GeV taken from
Tab. 8.2 of ILC technical design report v3.II [52]
including multi-particle interactions, parton showers and
hadronization, the SLHA (SUSY Les Houches Accord)
files generated by 2HDMC 1.7.0 as well as the parton-
level events generated by CompHEP are passed to PYTHIA
8.2.15 [53]. The SLHA files contain basic parameters of
the Type- I 2HDM including coupling constants, branch-
ing ratios, etc. Using the input files, PYTHIA performs
further processing to complete the events. The gener-
ated events are then internally used by DELPHES 3.4
[54] to simulate detector response with the use of the
DSiD detector card which is based on the full simulation
performance of the SiD detector at the ILC. The anti-
kt algorithm [55] from FASTJET 3.1.0 package [56, 57]
is used to perform jet reconstruction with the cone size
∆R =
√
(∆η)2 + (∆φ)2 = 0.4, where η = −ln tan(θ/2)
and φ (θ) is the azimuthal (polar) angle with respect
to the beam axis. DELPHES output data is stored as
ROOT files [58] and contains reconstructed jets and also
5b-tagging flags by which b-jets are identified.
IV. EVENT SELECTION AND ANALYSIS
Analysis begins by counting the number of recon-
structed jets satisfying the kinematic thresholds
pT jet ≥ 10 GeV, |ηjet| ≤ 3, (4)
where pT is the transverse momentum. Based on the jet
multiplicity distributions of Fig. 1 which are obtained
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Figure 1: Jet multiplicity distributions corresponding to
different signal and background processes at the
center-of-mass energies of a) 500 and b) 1000 GeV.
for the two assumed center-of-mass energies, the selection
cut
Njet ≥ 5, (5)
where Njet is the number of jets, is applied. Using b-
tagging flags, b-jets are identified and the b-jet multi-
plicity distributions of Fig. 2 are obtained for the b-jets
satisfying the lower threshold pT b-jet ≥ 20 GeV . The
b-jet multiplicity
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Figure 2: b-jet multiplicity distributions corresponding
to different signal and background processes at the
center-of-mass energies of a) 500 and b) 1000 GeV.
condition
Nb-jet ≥ 3, (6)
where Nb-jet is the number of b-jets, is then applied to
rule out events with less than three b-jets. b-jets present
in each events are analyzed to find the true b-jet pairs
which originate from the H Higgs bosons decays. In
events with three b-jets, the value of ∆R bb, where ∆R
follows the definition
∆R =
√
(∆η)2 + (∆φ)2, (7)
is computed for the three possible b-jet pairs and the pair
which has the minimum ∆R bb value is considered as the
true b-jet pair if the condition
∆R bb ≥
{
1.7,
√
s = 500GeV
0.8,
√
s = 1000GeV
(8)
is satisfied. In events with at least four b-jets, all possible
combinations of two b-jet pairs are considered and the
6√
s = 500 GeV
BP1 BP2
Njet ≥ 5 0.870 0.957
Nb-jet ≥ 3 0.593 0.605
Nbb¯ ≥ 1 0.576 0.590
Total eff. 0.297 0.342
NZH = 1 0.500 0.604
Total eff. 0.149 0.207
a
√
s = 1000 GeV
BP1 BP2 BP3 BP4 BP5 BP6
Njet ≥ 5 0.813 0.920 0.900 0.961 0.932 0.965
Nb-jet ≥ 3 0.669 0.675 0.680 0.694 0.692 0.701
Nbb¯ ≥ 1 0.765 0.812 0.899 0.904 0.911 0.911
Total eff. 0.416 0.505 0.550 0.603 0.588 0.616
NZH = 1 0.208 0.282 0.276 0.330 0.300 0.321
Total eff. 0.087 0.142 0.152 0.199 0.176 0.198
b
√
s = 500 GeV
tt¯ WW ZZ Z/γ
Njet ≥ 5 0.677 0.078 0.108 0.009
Nb-jet ≥ 3 0.034 7e-05 0.024 0.214
Nbb¯ ≥ 1 0.117 0.018 0.264 0.129
Total eff. 0.003 1e-07 7e-4 3e-4
NZH = 1 0.498 0.500 0.065 0.245
Total eff. 0.001 5e-08 4e-05 6e-05
c
√
s = 1000 GeV
tt¯ WW ZZ Z/γ
Njet ≥ 5 0.681 0.050 0.075 0.013
Nb-jet ≥ 3 0.061 1e-4 0.020 0.228
Nbb¯ ≥ 1 0.223 0.075 0.462 0.316
Total eff. 0.009 4e-07 7e-4 9e-4
NZH = 1 0.090 0.125 0.030 0.127
Total eff. 8e-4 5e-08 2e-05 1e-4
d
Table VI: Event selection efficiencies corresponding to a,b) signal and c,d) background processes assuming different
benchmark scenarios at the center-of-mass energies of 500 and 1000 GeV.
difference between the invariant masses of the two b-jet
pairs |M b1b2 −M b3b4 | is computed for each combination,
and the b-jet pairs of the combination with minimum
invariant mass difference are identified as true pairs if
the condition 8 is satisfied. Identifying true pairs, the
selection cut
Nbb¯ ≥ 1, (9)
where Nbb¯ is the number of identified true b-jet pairs,
is imposed and the H Higgs boson is reconstructed by
the identified b-jet pairs. Counting the remaining jets
which have not participated in the reconstruction of the
H Higgs boson, events with less than two remaining jets
are vetoed to rule out events with no reconstructable Z
boson. Reconstructing the Z boson by the remaining
pair of jets, the A Higgs boson can be reconstructed by
the reconstructed Z and H bosons. At this stage, each
event contains one or two reconstructed H Higgs bosons
and one reconstructed Z boson. In events with one re-
constructed H Higgs boson, the combination ZH is iden-
tified as the true combination if the condition
∆RZH ≤
{
2,
√
s = 500GeV
1,
√
s = 1000GeV
(10)
where ∆R follows the definition of Eq. 7, is satisfied. In
events with two reconstructed H Higgs bosons, ∆RZH is
computed for each one of the two possible ZH combina-
tions and the combination with smaller ∆RZH value is
identified as the true combination. Having true combi-
nations identified, the selection cut
NZH = 1, (11)
whereNZH is the number of identified true ZH combina-
tions, is applied and the A Higgs boson is reconstructed
using the identified ZH combination. Applying the se-
lection cuts, event selection efficiencies are obtained for
different signal and background processes at
√
s = 500
and 1000 GeV and the results are provided in Tab. VI.
According to the analysis, the Higgs bosons H and A are
reconstructed after three and four selection cuts respec-
tively. Thus, total efficiencies corresponding to the first
three selection cuts and all of the four selection cuts are
also provided.
Computing the invariant mass of the identified bb¯ and
jjbb¯ combinations for events surviving the selection cuts,
Higgs candidate mass distributions of Figs. 3 and 4 are
obtained for
√
s = 500 and 1000 GeV respectively. Dis-
tributions corresponding to different scenarios are shown
separately for each one of the Higgs bosons. Signal and
different background contributions are also shown sepa-
rately. As seen, the tt¯ process has the most contribution
among the background processes, and is, however, well
under control. In all of the distributions, signal contri-
7bution is seen as a significant excess of data on top of
the total background. The distributions are normalized
based on L × σ × , where L is the integrated luminos-
ity, σ is the cross section and  is the selection efficiency.
The integrated luminosity is set to 500 fb−1 for all of
the distributions except for the distribution of Fig. 4(k)
which uses the integrated luminosity of 1000 fb−1. Signal
cross sections are obtained by multiplying the total cross
sections provided in Tab. III by corresponding branching
ratios of the decay modes A→ ZH, Z → jj and H → bb¯.
Background cross sections are taken from Tab. IV. Selec-
tion efficiencies for A mass distributions are taken from
Tab. VI and efficiencies corresponding to H mass dis-
tributions are obtained by computing the total number
of signal reconstructed H Higgs bosons divided by twice
the number of simulated signal events.
Proper fit functions are fitted to the total background
(B) and signal+total background (S+B) distributions of
Figs. 3 and 4 and results are shown with associated error
bars. Fitted curves show significant peaks near the gen-
erated Higgs masses. Fitting is performed by ROOT 5.34
[59]. The fit function used for B distributions is a polyno-
mial function and the fit function used for S+B distribu-
tions is the combination of a polynomial and a Gaussian
function. The Gaussian function covers the signal and
the polynomial covers the total background. First, the
polynomial function is fitted to the total background, and
then the parameters of the fitted polynomial are used as
input for S+B fit. The “Mean” parameter is one of the
Gaussian fit function parameters and provides the center
of the signal peak. The values obtained for the “Mean”
parameter are considered as the reconstructed masses
(mRec.) of the Higgs bosons and are provided in Tab.
VII. The generated masses (mGen.) are also shown for
comparison. According to Tab. VII, a difference is seen
between the generated and reconstructed masses which
can be explained by the uncertainties arising from jet
clustering algorithm and jet mis-identification, jet mis-
tag rate, fitting method and choice of the fit function,
errors in energy and momentum of the particles, etc. Op-
timization of the jet clustering algorithm, b-tagging algo-
rithm and fitting method may reduce the errors. How-
ever, since such optimizations lie beyond the scope of
this paper, a simple off-set correction is applied to re-
duce the errors in this study. The off-set correction is
applied as follows. According to Tab. VIIa, on average,
the reconstructed masses of the H and A Higgs bosons
are 22.85 and 29.55 GeV smaller than the correspond-
ing generated masses respectively. Calculating the same
values for Tab. VIIb, we obtain 17.85 and 36.17 GeV for
the Higgs bosons H and A respectively. To reduce the er-
rors, reconstructed H and A Higgs masses are increased
by the same values and the results are provided in Tab.
VII as corrected reconstructed masses (m Corr. rec.). Ac-
cording to the results, corrected reconstructed masses are
obtained with few GeVs difference from the generated
masses in the considered scenarios and it is concluded
that the masses of the Higgs bosons H and A are mea-
√
s = 500 GeV
mGen. mRec. m Corr. rec.
H
BP1 150 127.3 ± 2.3 150.2±5.0
BP2 150 127.0±3.0 149.9±5.7
A
BP1 200 170.8±7.1 200.4±14.3
BP2 250 210.1±7.2 239.7±14.4
a
√
s = 1000 GeV
mGen. mRec. m Corr. rec.
BP1 150 132.4±1.8 150.3±6.4
BP2 150 132.0±1.7 149.9±6.3
H
BP3 200 185.0±2.8 202.9±7.4
BP4 200 184.7±2.7 202.6±7.3
BP5 250 229.5±12.0 247.4±16.6
BP6 250 229.3±6.7 247.2±11.3
BP1 200 167.3±5.8 203.5±15.3
BP2 250 214.7±5.5 250.9±15.0
A
BP3 250 217.4±12.8 253.6±22.3
BP4 300 260.1±7.5 296.3±17.0
BP5 300 265.1±12.3 301.3±21.8
BP6 330 288.4±12.8 324.6±22.3
b
Table VII: Generated mass (mGen.), reconstructed mass
(mRec.) and corrected reconstructed mass (m Corr. rec.)
of the Higgs bosons H and A with associated
uncertainties at
√
s = a) 500 and b) 1000 GeV. The
mass values are provided in GeV unit.
surable in all of the assumed scenarios.
V. SIGNAL SIGNIFICANCE
To assess the observability of the Higgs bosons in the
considered scenarios, signal significance is computed for
each of the candidate mass distributions of Figs. 3 and
4 by counting the number of signal and background can-
didate masses in the whole mass range. Computation of
the signal significance is based on the integrated luminos-
ity of 500 fb−1 for all of the distributions except for the
distribution of Fig. 4(k) which uses the integrated lumi-
nosity of 1000 fb−1. Computation results, namely total
signal selection efficiency, number of signal (S) and back-
ground (B) candidate masses, signal to background ratio
and signal significance at the center-of-mass energies of
500 and 1000 GeV are provided in Tab. VIII. Results
8√
s = 500 GeV
BP1 BP2
H
Total 0.21 0.25
S 790.6 707.1
B 1397.2
S/B 0.57 0.51
S/
√
B 21.2 18.9
L Int. [fb−1] 500
A
Total 0.15 0.21
S 283.9 294.6
B 459.6
S/B 0.62 0.64
S/
√
B 13.2 13.7
L Int. [fb−1] 500
a
√
s = 1000 GeV
BP1 BP2 BP3 BP4 BP5 BP6
H
Total 0.29 0.35 0.40 0.44 0.43 0.46
S 799.0 1306.9 555.5 942.3 206.9 364.0
B 1586.1
S/B 0.50 0.82 0.35 0.59 0.13 0.23
S/
√
B 20.1 32.8 13.9 23.7 5.2 9.1
L Int. [fb−1] 500
A
Total 0.09 0.14 0.15 0.20 0.18 0.20
S 121.2 265.0 106.0 211.3 84.2 78.4
B 133.0 266.1 133.0
S/B 0.91 1.99 0.80 1.59 0.32 0.59
S/
√
B 10.5 23.0 9.2 18.3 5.2 6.8
L Int. [fb−1] 500 1000 500
b
Table VIII: Total signal selection efficiency (Total), number of signal (S) and background (B) candidate masses,
signal to background ratio, signal significance and the assumed integrated luminosity in different scenarios at the
center-of-mass energies of a) 500 and b) 1000 GeV.
indicate that, in all of the considered scenarios, both of
the Higgs bosons H and A are observable with signals ex-
ceeding 5σ. To be specific, at the center-of-mass energy
of 500 GeV, both of the Higgs bosons H and A are ob-
servable in the region of parameter space with mH = 150
GeV and 200 ≤ mA ≤ 250 GeV at the integrated lumi-
nosity of 500 fb−1. Also, at the center-of-mass energy
of 1000 GeV, the H Higgs boson is observable at the re-
gion with 150 ≤ mH ≤ 250 GeV and 200 ≤ mA ≤ 330
GeV with a mass splitting of 50-100 GeV between the H
and A Higgs bosons at the same integrated luminosity.
The A Higgs boson is also observable at
√
s = 1000 GeV
at the same region of parameter space at an integrated
luminosity up to 1000 fb−1.
VI. CONCLUSIONS
In this study, taking the Type- I 2HDM at the SM-
like scenario as the theoretical framework and assum-
ing several benchmark points in the parameter space of
the 2HDM, observability of the predicted neutral scalar
(H) and pseudoscalar (A) Higgs bosons was investigated.
The process chain e−e+ → AH → ZHH → jjbb¯bb¯
which was taken as the signal process provides an op-
portunity for the signal to benefit from possible enhance-
ments Higgs-fermion couplings can receive at low tanβ
values. Moreover, the dependence of the Z-A-H ver-
tex upon the sin(β − α) parameter which is assumed
to be unity by the SM-like assumption causes the pro-
cess e−e+ → AH → ZHH which contains the Z-A-
H vertex twice be independent of tanβ, and thus, the
tanβ value can be decreased to enhance the decay mode
H → bb¯ without any destructive effects on the ZHH
production. Although the assumed hadronic decay of
the Z boson is expected to give rise to more errors in
final results due to the uncertainties arising from jet mis-
identification and mis-tag rate, the dominance of this de-
cay channel fully compensates for the errors which arise.
Several benchmark scenarios at the center-of-mass ener-
gies of 500 and 1000 GeV were assumed and event gen-
eration was performed for different scenarios separately.
The beamstrahlung effect was also taken into account
and the detector response was simulated based on the
SiD detector at the ILC. Results show that the presented
analysis can well be used to observe the scenarios con-
sidered in this study since the obtained candidate mass
distributions of the Higgs bosons show significant excess
of data and peaks on top of the total background near
the generated masses at the assumed integrated lumi-
nosities. The integrated luminosity is set to 500 fb−1 for
all of the distributions except for the distribution of Fig.
4(k) which is obtained based on the integrated luminos-
ity of 1000 fb−1. Results of computation of the signal
significance corresponding to the whole mass range also
indicate that both of the H and A Higgs bosons are ob-
servable with signals exceeding 5σ in all of the considered
scenarios. To be specific, the parameter space region with
mH = 150 GeV and 200 ≤ mA ≤ 250 GeV is observable
at
√
s = 500 GeV at the integrated luminosity of 500
fb−1. Also, the region with 150 ≤ mH ≤ 250 GeV and
200 ≤ mA ≤ 330 GeV with a mass splitting of 50-100
9GeV between the H and A Higgs bosons is observable at√
s = 1000 GeV at the same integrated luminosity. Re-
sults of the mass reconstruction which was performed by
fitting proper functions to obtained mass distributions
also indicate that, in all of the assumed scenarios, ob-
tained reconstructed masses of the Higgs bosons are in
reasonable agreement with generated masses and there-
fore, mass measurement is possible for both of the Higgs
bosons. The presented analysis is expected to serve as
a tool to search for the predicted 2HDM neutral Higgs
bosons since not only the simulation results are promis-
ing, but also the needed center-of-mass energy and inte-
grated luminosity for observing the considered scenarios
are well below the maximum power of the future linear
colliders.
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Figure 3: Candidate mass distributions of the a,b) H and c,d) A Higgs bosons with corresponding fitting results and
errors in different scenarios at
√
s = 500 GeV.
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Figure 4: Candidate mass distributions of the a,b,c,d,e,f) H and g,h,i,j,k,l) A Higgs bosons with corresponding
fitting results and errors in different scenarios at
√
s = 1000 GeV.
13
 [GeV]bbllm
100 200 300 400 500 600 700 800
Ev
en
ts
/2
0 
G
eV
0
5
10
15
20
25
30
35
 5.8 GeV±Mean = 167.3 
 = 200 GeVGenAm
-1
 = 500 fbIntL
S+B γZ/
S+B fit TT
Bkg fit ZZ
WW
(g)
 [GeV]bbllm
100 200 300 400 500 600 700 800
Ev
en
ts
/2
0 
G
eV
0
10
20
30
40
50
 5.5 GeV±Mean = 214.7 
 = 250 GeVGenAm
-1
 = 500 fbIntL
S+B γZ/
S+B fit TT
Bkg fit ZZ
WW
(h)
 [GeV]bbllm
100 200 300 400 500 600 700 800
Ev
en
ts
/2
0 
G
eV
0
5
10
15
20
25
 12.8 GeV±Mean = 217.4 
 = 250 GeVGenAm
-1
 = 500 fbIntL
S+B γZ/
S+B fit TT
Bkg fit ZZ
WW
(i)
 [GeV]bbllm
100 200 300 400 500 600 700 800
Ev
en
ts
/2
0 
G
eV
0
5
10
15
20
25
30
35
40
 7.5 GeV±Mean = 260.1 
 = 300 GeVGenAm
-1
 = 500 fbIntL
S+B γZ/
S+B fit TT
Bkg fit ZZ
WW
(j)
 [GeV]bbllm
100 200 300 400 500 600 700 800
Ev
en
ts
/2
0 
G
eV
0
5
10
15
20
25
30
 12.3 GeV±Mean = 265.1 
 = 300 GeVGenAm
-1
 = 1000 fbIntL
S+B γZ/
S+B fit TT
Bkg fit ZZ
WW
(k)
 [GeV]bbllm
100 200 300 400 500 600 700 800
Ev
en
ts
/2
0 
G
eV
0
2
4
6
8
10
12
14
16
18
20
22
 12.8 GeV±Mean = 288.4 
 = 330 GeVGenAm
-1
 = 500 fbIntL
S+B γZ/
S+B fit TT
Bkg fit ZZ
WW
(l)
Figure 4: Candidate mass distributions of the a,b,c,d,e,f) H and g,h,i,j,k,l) A Higgs bosons with corresponding
fitting results and errors in different scenarios at
√
s = 1000 GeV.
